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The novel cyst nematode effector protein 30D08 targets host nuclear functions 
to alter gene expression in feeding sites 
Abstract 
• Cyst nematodes deliver effector proteins into host cells to manipulate cellular processes and establish a 
metabolically hyperactive feeding site. The novel 30D08 effector protein is produced in the dorsal gland of 
parasitic juveniles, but its function has remained unknown. 
• We demonstrate that expression of 30D08 contributes to nematode parasitism, the protein is packaged 
into secretory granules, and is targeted to the plant nucleus where it interacts with SMU2 (homologue of 
suppressor of mec-8 and unc-52 2), an auxiliary spliceosomal protein. 
• We show that SMU2 is expressed in feeding sites and a smu2 mutant is less susceptible to nematode 
infection. In Arabidopsis expressing 30D08 under the SMU2 promoter, several genes were found to be 
alternatively spliced and the most abundant functional classes represented among differentially 
expressed genes were involved in RNA processing, transcription and binding, as well as in development, 
hormone and secondary metabolism representing key cellular processes known to be important for 
feeding site formation. 
• In conclusion, we demonstrated that the 30D08 effector is secreted from the nematode and targeted to 
the plant nucleus where its interaction with a host auxiliary spliceosomal protein may alter the pre-mRNA 
splicing and expression of a subset of genes important for feeding site formation. 
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Summary 
• Cyst nematodes deliver effector proteins into host cells to manipulate cellular processes and
establish a metabolically hyperactive feeding site. The novel 30D08 effector protein is produced
in the dorsal gland of parasitic juveniles, but its function has remained unknown.• We demonstrate that expression of 30D08 contributes to nematode parasitism, the protein is
packaged into secretory granules, and is targeted to the plant nucleus where it interacts with
SMU2 (homologue of suppressor of mec-8 and unc-52 2), an auxiliary spliceosomal protein.• We show that SMU2 is expressed in feeding sites and a smu2 mutant is less susceptible to
nematode infection. In Arabidopsis expressing 30D08 under the SMU2 promoter, several genes
were found to be alternatively spliced and the most abundant functional classes represented
among differentially expressed genes were involved in RNA processing, transcription and
binding, as well as in development, hormone and secondary metabolism representing key cellular
processes known to be important for feeding site formation.• In conclusion, we demonstrated that the 30D08 effector is secreted from the nematode and
targeted to the plant nucleus where its interaction with a host auxiliary spliceosomal protein may
alter the pre-mRNA splicing and expression of a subset of genes important for feeding site
formation.
Key words: alternative splicing, cyst nematode, effector, Heterodera, nucleus, SMU2, spliceosome, 
syncytium.
Introduction
Cyst nematodes (Heterodera and Globodera spp.) represent one of the most economically important 
groups of plant-parasitic nematodes (Jones et al., 2013). These obligate parasites use a hollow mouth 
spear (i.e., stylet) to puncture root cell walls and deliver secretory compounds, including an arsenal of 
effector proteins, into host cells (Mitchum et al., 2013; Hewezi, 2015) to establish a metabolically 
hyperactive feeding site (i.e., syncytium) (Gheysen & Mitchum, 2009). These stylet-secreted effector 
(SSE) proteins originate from one of two types of specialized esophageal gland cells, either subventral or 
dorsal (Endo, 1984; Mitchum et al., 2013). Once secreted from the stylet, the effector proteins are 
directed to specific cellular compartments to reach their plant targets and play critical roles in creating a 
permissive environment for the nematode to establish a successful parasitic association. SSEs can be 
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divided into different groups based on their functions in planta (e.g., effectors that suppress plant 
defenses, cell wall modifying effectors, and development-altering effectors) (Rehman et al., 2016). 
However, the mechanisms of action of most nematode effector proteins remain largely unknown.  
Upon infection, cyst nematodes breach the plant cell wall by secreting diverse polysaccharide-
degrading effectors such as pectate lyases (De Boer et al., 2002; Kudla et al., 2007; Vanholme et al., 
2007) and cellulases (β-1,4-endoglucanases) (Smant et al., 1998; Wang et al., 1999). These parasites also 
secrete cellulose-binding proteins (Hewezi et al., 2008) and various expansins (Qin et al., 2004). Many of 
these effector proteins likely aid nematode movement through root tissues, and some are thought to 
facilitate the massive changes in cell wall structure associated with feeding site formation (Hewezi et al., 
2008). Simultaneous suppression of host plant defenses is also achieved by secretion of effectors. One 
such SSE, 10A06, interacts with spermidine synthase 2 in planta (Hewezi et al., 2010) to alter polyamine 
synthesis and the production of defense-associated compounds (e.g., salicylic acid). Another SSE, venom-
allergen protein (VAP) has been shown to interact with a plant defense protein papain-like cysteine 
protease (RCR3)  (Lozano-Torres et al., 2012). The GLAND18 effector has sequence and functional 
similarity to an immunosuppressive effector of Plasmodium spp. (Noon et al., 2016). Cyst nematodes also 
target plant developmental pathways by secreting effector proteins that mimic CLAVATA3/ESR (CLE) 
signaling peptides of plants (Mitchum et al., 2012; Guo et al., 2017) that interact with receptor-like 
kinases to initiate developmental changes (Chen et al., 2015; Guo et al., 2015). These nematodes may 
also directly alter the metabolism of host cells through the secretion of enzymes such as chorismate 
mutase (Doyle & Lambert, 2003) and effectors that target hormone transporter proteins (Lee et al., 2011) 
to affect changes in local hormone concentrations at feeding sites. 
A majority of candidate SSEs lack homologs in other species, confirming their distinctive 
molecular function during plant parasitism (Gao et al., 2003; Huang et al., 2003). Of significant interest 
are novel effectors known to harbor a predicted N-terminal secretion signal, as well as nuclear 
localization signals in their mature proteins (Quentin et al., 2013). Several of these effectors have been 
shown to localize to plant nuclei by either transient expression assays in plant cells or immunolocalization 
within host cells selected for feeding by nematodes (Tygat et al., 2004; Elling et al., 2007; Jones et al., 
2009; Jaouannet et al., 2012; Zhang et al., 2015; Hewezi et al., 2015; Chen et al., 2017) and may 
modulate gene expression for feeding site formation. In all but one case, the host targets and functions of 
these novel nuclear-targeted effectors in nematode parasitism remain to be elucidated. The best 
characterized nuclear-targeted cyst nematode effector is 10A07 (Gao et al., 2003). The function of 10A07 
is dependent on host-mediated phosphorylation for its translocation to the nucleus where it interferes with 
auxin signaling through direct interaction with an AUX/IAA (IAA16) transcriptional repressor protein 
(Hewezi et al., 2015). Similarly, the function of root-knot nematode effector MgGPP is also dependent on 
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host-mediated post-translational modifications including glycosylation and proteolysis in the ER, after 
which it is translocated to the nucleus presumably to suppress plant defense, although the host targets 
have not been identified (Chen et al., 2017). The root-knot nematode 7H08 effector exhibits 
transcriptional activity in planta, but whether this effector binds directly to plant gene promoters or 
interacts with other components of the transcriptional machinery remains to be determined (Zhang et al., 
2015). Further functional characterization of nuclear-targeted effectors promises to provide novel insights 
into how phytonematodes alter host nuclear functions to regulate plant gene expression changes and host 
signaling pathways at feeding sites. 
In the present study, we investigated the 30D08 effector gene initially identified from the soybean 
cyst nematode, Heterodera glycines, encoding a predicted novel stylet-secreted effector protein (Gao et 
al., 2003). The cloning of a homologous 30D08 gene from the closely-related plant-parasitic beet cyst 
nematode, Heterodera schachtii facilitated functional studies in Arabidopsis, which is suitable host to H. 
schachtii. We demonstrate that the 30D08 effector protein is produced in the dorsal gland where it is 
packaged into secretory granules en route for secretion from the stylet of parasitic juveniles and helps 
establish successful cyst nematode parasitism. Furthermore, 30D08 is targeted to the plant nucleus where 
it interacts with the plant protein SMU2 (homologue of suppressor of mec-8 and unc-52 2), an auxiliary 
spliceosomal protein (Chung et al., 2009), to potentially alter pre-mRNA splicing and expression of genes 
important for feeding site formation. This is the first report of a phytonematode effector shown to interact 
with a component of host splicing machinery to cause disease. 
Materials and Methods 
Nematode culture and infection  
Sugar beet cyst nematode Heterodera schachtii was propagated on the roots of glasshouse-grown sugar 
beets (Beta vulgaris ‘Monohi’). Nematode infection and penetration assays were conducted as previously 
described (Lee et al., 2011).  
Plant material
A 402 bp region 5’ to the ATG start codon in AtSMU2 was amplified from genomic DNA with PfuTurbo 
DNA polymerase (Stratgene) and cloned into plasmid pBI121 in place of the 35S promoter. 30D08 
overexpression lines in Col-0 and smu2 mutant backgrounds were generated by expressing 30D08 under 
the SMU2 promoter in the pAKK vector. The smu2-1 mutant line was obtained from ABRC (Salk line 
039202, described by Chung et al., 2009). For the RNAi constructs, a full-length fragment of Hs30D08 
was cloned in the sense and antisense orientation in a pHannibal vector (Wesley et al., 2001). The 30D08 
hairpin fragment from the pHannibal vector was subcloned into the pART27 binary vector (Gleave, 
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1992). All primers used in this study are listed in Supporting Information Table S1. Transgenic lines were 
generated by the floral dip method (Clough & Bent, 1998) using Agrobacterium tumefaciens strain 
GV3101. 
Heterodera schachtii 30D08 sequence analysis 
The full-length coding sequence of Hs30D08 was amplified from H. schachtii cDNA with 5’UTR and 
3’UTR primers designed based on the H. glycines 30D08 cDNA sequence (Gao et al., 2003). PCR 
amplification was performed using the High Fidelity polymerase (Roche) according to the manufacturer’s 
instructions. PCR products were ligated into pGEMT-easy and sequenced. The Hs30D08 sequence was 
deposited in Genbank under accession no. MF959551. 
In situ hybridization and immunolocalization of 30D08  
In situ hybridization was performed as previously described (Gao et al., 2003). An affinity-purified 
polyclonal antibody against H. schachtii 30D08 was generated by immunization of individual rabbits with 
recombinant Hs30D08ΔSP. Immunolocalizations on mixed parasitic stages were performed as previously 
described (Goellner et al., 2000). Infected roots were fixed with 4% paraformaldehyde and emdedded in 
LR white resin for electron microscopy. Immunolocalizations on tissue sections were performed using an 
antibody concentration of 1:20 with Aurion ultrasmall gold followed by Aurion silver enhancement. 
DNA blot analysis
Genomic DNA isolation and blot analysis was conducted as described by Patel et al. (2010). The 
digoxigenin-labled DNA probe was designed to the full-length Hg30D08 sequence. 
Subcellular localization  
Hs30D08ΔSP was cloned in pRJG23 (Grebenok et al., 1997) and the pMDC43/83 vector series as a GFP 
and GUS reporter gene fusion. Site-directed oligonucleotide mutagenesis of Hs30D08ΔSP was performed 
using a PCR overlap extension method (Ho et al., 1989) and cloned into pMDC vectors. Proteins were 
transiently expressed in onion epidermal cells using biolistic bombardment or in Nicotiana benthamiana 
leaves by agroinfiltration. Tobacco plants were grown in a growth chamber at 25°C under 16 h : 8 h, light 
: dark conditions for 4 wk and infiltrated with transformed GV3101 resuspended in infiltration buffer (10 
mM MgCl2 in 10 mM 2-(N-morpholino-)ethanesulfonic acid (MES), pH 5.2, and 0.1 mM 
acetosyringone) to an OD600 of 0.2. Onion cells were incubated at 26°C for 24 h in the dark and infiltrated 
plants were incubated at 24°C for 72 h in a growth chamber before visualization using a Zeiss 510 
microscope.  
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Yeast two-hybrid screening 
Yeast two-hybrid screening was performed using the BD matchmaker library construction and screening 
kit (Clontech). Hs30D08ΔSP was cloned into the pGBKT7 bait vector and introduced into yeast strain 
Y187. A previously generated prey library of A. thaliana  roots infected with H. schachtii (Hewezi et al., 
2008) was screened for potential interactors following the Clontech protocols.  
Pull-down assays
SMU2 was cloned into the pMAL-c2X vector (New England Biolabs) and transformed into E. coli TB1.  
Hs30D08ΔSP was cloned into pET28a and transformed into ER2566 E. coli.  Bacterial cultures were 
induced with 0.1 mM isopropyl-D-thiogalactopyranoside for 5 h at 30°C, harvested, and the Hs30D08 ΔSP-
6xHis was purified using HispurTM cobalt resin (Cat. no. 89965, Thermo Scientific) according to 
manufacturer’s instructions.  MBP or MBP-AtSMU2 was immobilized on an amylose resin column and 
washed following manufacturer’s recommendations (New England Biolabs). To perform the MBP pull-
down assay, equivalent amounts of MBP and MBP-AtSMU2 immobilized on amylose resin were mixed 
with the Hs30D08 ΔSP-6xHisTag fraction and incubated in binding buffer (50 mM Tris pH 7.4, 100 mM 
NaCl, 1 mM EDTA, 5 µg of BSA) for 90 min at 4°C. The resin was extensively washed with washing 
buffer (50 mM Tris pH 7.4, 100 mM NaCl, 1 mM EDTA, 0.1% (v/v) Triton X-100). Bound proteins were 
eluted using 10 mM maltose solution, resolved using 12% SDS-PAGE, transferred to nitrocellulose 
membranes, and immunostained using anti-MBP (New England Biolabs) or anti-Hs30D08 PI077 affinity-
purified antibody.
Bimolecular fluorescence complementation 
Hs30D08 ΔSP and SMU2 cDNA sequences were cloned into the hygII-SPYNE(R), kanII-VYCE(R), 
pSPYNE-35S, and pSPYCE-35S bimolecular fluorescence complementation (BiFC) vectors, which were 
obtained from Jorg Kudla of the University of Münster. All binary vectors were checked for protein 
expression by Western blot analysis. For BiFC, constructs hygII-SPYNE(R)-Hs30D08ΔSP, pSPYNE-35S- 
Hs30D08ΔSP, and pSPYCE-35S-AtSMU2 were transformed into the Agrobacterium strain GV3101 and 
infiltrated into N. benthamiana leaves. 
Root length measurements 
Seeds were plated on modified Knop’s medium (Sijmons et al., 1991) in square Petri plates and allowed 
to grow vertically for 10 d. Root length of at least 10 plants in each of three independent experiments was 
measured. The data were analyzed using the Student’s t-test to evaluate the statistical significance.  
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RNA isolation and qRT-PCR 
The RNeasy™ kit (Qiagen) was used to prepare total RNA from 7-d-old seedlings grown on ½ MS and 
2% sucrose and treated with RNase-free DNase I (Qiagen). The cDNA was synthesized using the 
PrimeScript™ 1st strand cDNA Synthesis Kit (Takara) following the manufacturer’s protocol. qRT-PCR 
was performed in triplicate using the Applied Biosystems 7500 Real-Time PCR system and analyzed as 
previously described (Wang et al., 2007). AtGAPDH (AT1G42970) and HsActin (Patel et al., 2010) were 
used as endogenous controls for plant and nematode experiments, respectively.  
RNA-seq
High-throughput sequencing was performed at the University of Missouri DNA Core Facility. DNase-
treated RNA was used for construction of the RNA-Seq library. The sample concentration was 
determined using a Qubit fluorometer (Invitrogen), and the RNA integrity was checked using the 
Fragment Analyzer automated electrophoresis system.  The RNA-Seq library was prepared using a 
TruSeq mRNA stranded preparation kit (Illumina) according to the manufacturer’s protocol. 
Approximately 20 µl (100 ng µl-1) total RNA from each sample was used for RNA-seq library 
construction. The four samples were pooled and diluted according to Illumina’s standard sequencing 
protocol for the Illumina HiSeq 2000. The Illumina 1x100-bp reads were cleaned using the FastxToolkit 
(http://hannonlab.cshl.edu/fastx_toolkit/). The low-quality bases (score <13) were then trimmed from the 
3’ end. For the remaining reads, if 90% of a read had a quality score <13, the read was excluded. The 
adapter was trimmed from the 5' end, and a read was excluded if the final length was <32 bp. Cleaned 
reads were then mapped using Bowtie (v2.1.0.0) (http://bowtiebio.sourceforge.net/bowtie2/index.shtml) 
to remove reads mapping to PhiX and ribosomal RNA genes. Tophat (v2.0.10) 
(http://ccb.jhu.edu/software/tophat/index.shtml) was used to map the reads in a splice-aware manner to 
the A. thaliana reference genome from Ensembl (release 21) (http://plants.ensembl.org/index.html). 
Differential expression was measured using Cuffdiff (v2.1.1) (http://cole-trapnell-
lab.github.io/cufflinks/cuffdiff/) and was tested using a 0.05 false discovery rate that was estimated from 
the Benjamini-Hochberg correction. Gene annotations for the reference genome were also obtained from 
Ensembl. The cluster diagrams were created using the R programming language (https://cran.r-
project.org/) after the FPKM values for the genes of interest were first transformed to a log scale with a 
mean value equal to zero and a variance value equal to 1. The raw data has been deposited in NCBI under 
BioProject ID PRJNA419930. The NEMATIC database tool (Cabrera et al., 2014) and MapMan (Thimm 
et al., 2004) were used to generate a representative overview of genes identified in the RNA-seq 
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experiment. Significant overlap between data sets and statistical enrichment was determined using the 
hypergeometric probability test in the R stastistical programming package (https://www.r-project.org). 
Results  
Identification of the Heterodera schachtii 30D08 effector gene  
The 30D08 effector gene sequence was identified from an esophageal gland cell-enriched cDNA library 
of the soybean cyst nematode H. glycines (Gao et al., 2003).  Here, an orthologous sequence was isolated 
from the closely-related sugar beet cyst nematode H. schachtii to facilitate functional studies using the 
model host plant Arabidopsis. This Hs30D08 cDNA encodes a 146 amino acid protein with a predicted 
18 amino acid N-terminal signal peptide for secretion. Hs30D08 shares 100% sequence identity with 
Hg30D08 except for an 18 amino acid addition between K37 and K38 of Hg30D08 (Fig. 1a). A database 
search identified two other putative H. glycines effector proteins with amino acid sequence similarity to 
30D08, 21E12 (94% identical) and 16A01 (95% identical), suggesting that 30D08 is part of an effector 
protein family (Gao et al., 2003). Protein sequence alignment and phylogenetic analysis show that 
Hs30D08 is more closely related to Hg30D08 than Hg21E12 or Hg16A01 (Fig. S1). DNA blot analysis 
confirmed the presence of multiple homologous 30D08 family sequences in H. schachtii and H. glycines, 
but hybridization signals were not detected in the tobacco cyst nematode Globodera tabacum or in 
soybean (Fig. S2).
30D08 is expressed in the dorsal gland cell of nematode parasitic life stages  
Stylet-secreted effector proteins are produced in either the subventral or dorsal esophageal gland cells. In 
situ hybridization demonstrated that 30D08 transcripts are specifically expressed in the dorsal gland cell 
of parasitic second-stage juvenile (J2) and third-stage juvenile (J3) life stages (Fig. 1b,c). In addition, 
immunofluorescence staining using a 30D08 antibody showed that the protein localizes within the 
cytoplasm, not the nucleus, of the dorsal gland cell of parasitic J2 and J3 nematodes (Fig. 1d,e). The 
observed expression pattern is consistent with the developmental expression profile extracted from a prior 
microarray study grouping 30D08 expression into Cluster 2 along with other genes whose expression 
peaked in parasitic J2 and then declined after the J3 stage (Fig. 1f; Elling et al., 2009). Electron 
microscope immunogold labeling of the 30D08 protein within the secretory granules of the dorsal gland 
(Fig. 1g,h) provided strong evidence for secretion of 30D08 from the nematode stylet into plant tissues. 
30D08 is targeted to the nucleus of plant cells 
The 30D08 sequence was analyzed using PSORT II to predict the subcellular localization of the protein. 
PSORT II analysis revealed the presence of two putative bipartite nuclear localization signals (NLS) (Fig. 
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1a). To test for nuclear localization, 30D08 ΔSP was fused to GUS:GFP and transiently expressed in onion 
epidermal cells by particle bombardment. The results demonstrated that 30D08 can localize to the plant 
nucleus (Fig. 2a). To further test whether the putative bipartite nuclear localization signals act together or 
independently, wild-type and mutated versions of both motifs were fused to GUS:GFP and transiently 
expressed in N. benthamiana leaves. For site-directed mutagenesis, positively charged lysine residues in 
the predicted NLS motifs were mutated to alanine residues. The predicted NLS66-70 (KKDKK) was 
mutated to AADAA, and NLS116-120 (KGKKK) was changed to AGAAA (Fig. 2b). Transient expression 
of 30D08ΔSP:GFP:GUS by agroinfiltration in N. benthamiana leaves showed localization of 30D08 to the 
nucleus, nucleolus, nuclear speckles, and cytoplasm (Fig. 2c). The mutated NLS66-70 (AADAA) localized 
to the cytoplasm (Fig. 2d), whereas mutated NLS116-120 (AGAAA) localized to the nucleus (Fig. 2e). Site-
directed mutagenesis of the NLS at both positions also prevented nuclear localization of the effector (Fig. 
2f). Taken together, these results indicated that the predicted bipartite NLS66-70 (KKDKK) is functional 
and responsible for nuclear uptake of 30D08ΔSP. 
30D08 is important for parasitism  
The ability of ingested dsRNA to induce gene silencing within feeding nematodes (Sindhu et al., 2009) 
was used to evaluate the role of 30D08 in parasitism. Multiple, independent, homozygous Arabidopsis 
lines transformed with a Hs30D08 RNAi construct were confirmed for dsRNA expression using primers 
for the OCS terminator in quantitative RT-PCR assays (Fig. 3a). This method is useful for confirming 
dsRNA expression in select lines for analysis; however, it does not always correlate with RNA silencing 
efficiency of the target gene (Patel et al., 2008; Kyndt et al., 2013). Transgenic 30D08 RNAi lines 
exhibited similar morphological features to that of wild-type plants confirming no off target effects in the 
growth and development of transgenic plants. Three high-expressing lines (15-5-4, 16-2-7, and 17-1-5) 
relative to a low-expressing line (17-5-1) were chosen for nematode infection assays to assess for effects 
of Hs30D08 silencing on nematode parasitism. Two weeks post-inoculation, nematode development was 
scored and a significant decrease in the number of J4 females was observed in three of the RNAi lines 
(Fig. 3b).
To determine if the observed decrease in nematode development was correlated with suppression 
of Hs30D08, quantitative RT–PCR was used to examine the expression of Hs30D08 in feeding 
nematodes at 4 dpi [Author, please explain ‘dpi’. Is this days post inoculation, or days post infection 
(as used later in the article?](Fig. 3c). Nematodes infecting the four RNAi lines showed a reduction in 
Hs30D08 expression from 19% to 62% compared to nematodes recovered from Col-0. Line 17-5-1 
displayed the highest percent reduction in the Hs30D08 expression compared with other lines, whereas 
RNAi line 15-5-4 showed little reduction in Hs30D08 expression in the recovered nematodes (Fig. 3c). 
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To confirm suppression of Hs30D08, we evaluated the expression of a non-target effector gene, 
Hs19C07, which remained unchanged in nematodes infecting the independent RNAi lines compared with 
those from control lines (Fig. S3). These results demonstrate an important role for 30D08 in nematode 
parasitism. 
30D08 interacts with plant protein SMU2 in vitro and in planta 
A yeast two-hybrid analysis was used to identify plant proteins that physically interact with Hs30D08. 
The subcellular localization studies suggested that Hs30D08 may target nuclear plant proteins. A full-
length 30D08 coding sequence lacking the signal peptide (30D08ΔSP) was used as bait to screen a prey 
library generated from Arabidopsis roots infected with H. schachtii (Hewezi et al., 2008). Several 
potential host-interacting proteins were discovered, including predicted nuclear proteins. Among the 
clones obtained, partial sequences of five independent proteins were identified (Table S2). Two of the 
clones (J3-86 and J3-138) were confirmed by yeast co-transformation assays (Fig. 4a) and both contained 
partial sequence coding for 115 amino acids of an N-terminal portion (aa 104-218) of the Arabidopsis 
SMU2 protein (At2g26460), a nuclear-targeted protein. A prior analysis of SMU2 by Chung et al. (2009) 
revealed self-activation of the full-length protein fused to the GAL4 binding domain. However, they 
showed that removal of residues from the C- or N- terminus reduced self–activation to allow for the 
identification of interacting proteins using Y2H analysis. Consistent with this, we observed reduced self-
activation of the partial SMU2 protein, but the finding that full-length AtSMU2 self-activated precluded 
our ability to confirm the interaction in yeast. Interestingly, we did not observe increased growth rate of 
yeast strains expressing SMU2 and 30D08 compared to self-activating SMU2, but instead a reproducible 
reduction in growth rate suggesting that the interaction of 30D08 and SMU2 attenuates the transcriptional 
activation of the reporter genes. This observed transcriptional repression of SMU2 self-activation in the 
presence of 30D08 suggests a positive interaction between these proteins and may have functional 
significance. To further examine this interaction, an in vitro pull-down experiment was performed using 
purified and immobilized AtSMU2 and purified Hs30D08. The Western blot analysis shows Hs30D08 
binds to MBP-SMU2, but not MBP (Fig. 4b). As a control, beads charged with purified MBP alone could 
not pull down Hs30D08. Notably, MBP-SMU2 was able to pull down Hs30D08 from the cell lysate, 
suggesting that AtSMU2 binds to the cyst nematode effector protein Hs30D08. To further verify the 
30D08-SMU2 interaction in planta, we conducted bimolecular fluorescent complementation (BiFC) 
assays. Chung et al. (2009) studied AtSMU2 and demonstrated nuclear localization of SMU2-GFP in 
transgenic Arabidopsis roots. We confirmed predominantly nuclear localization of AtSMU2-GFP by 
agroinfiltration in N. benthamiana leaves (Fig. 4c). Co-expression of AtSMU2-YFPC and Hs30D08-YFPN 
reconstituted YFP fluorescence signals in the cytoplasm and nucleus of agroinfiltrated N. benthamiana 
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epidermal cells (Fig. 4d). The observed cytoplasmic signal may be due to a low level expression of SMU2 
in the cytoplasm or potentially its relocalization to the cytoplasm by the 30D08 effector. BiFC of H. 
schachtii 10A07 and Arabidopsis IAA16 was used as an interaction control and to test for specificity of 
the AtSMU2 and Hs30D08 interaction (Fig. S4). Hs10A07 and AtIAA16 exhibited strong fluorescence in 
the nucleus as reported previously (Hewezi et al., 2015). AtSMU2 did not interact with the Hs10A07 
effector confirming that the interaction of AtSMU2 with the Hs30D08 effector is specific. However, 
surprisingly Hs30D08 also exhibited interaction with AtIAA16 in the nucleus, suggesting that 30D08 
may have additional host targets and that these two nuclear-targeted nematode effectors may converge on 
AtIAA16. Empty vectors used as negative controls did not show fluorescence, or only extremely low 
background signal (Fig. S4). Taken together, these results provided additional evidence to support an 
interaction between AtSMU2 and Hs30D08 in plant cells. 
SMU2 is expressed in leaves and roots of young seedlings and developing syncytia 
Both 30D08 and SMU2 were demonstrated to localize to the nucleus of plant cells. To determine whether 
AtSMU2 is temporally expressed in developing syncytia while 30D08 may be active and present, we 
generated multiple, independent homozygous transgenic lines expressing GUS under the control of the 
SMU2 promoter. Homozygous lines were assayed for GUS expression during Arabidopsis development. 
GUS expression was visible in the shoots and roots of young seedlings. In the shoots, GUS expression 
was observed in the shoot apical meristem, cotyledons, and vasculature of leaves (Fig. 5a–d). SMU2p-
GUS expression in roots was limited to root tips and lateral root primordia (Fig. 5e,f). 
To evaluate the spatial and temporal localization of AtSMU2 expression during cyst nematode 
infection, 7–d–old transgenic SMU2p-GUS seedlings were infected with J2 and assayed for GUS 
expression at different time points following inoculation. Infected SMU2p-GUS lines exhibited strong 
upregulation of GUS expression in nematode-induced feeding sites as early as 4 dpi (Fig. 5g). The 
intensity of GUS expression declined once nematodes reached the J3 life stage.  
SMU2 is required for nematode parasitism  
To investigate the role of SMU2 in nematode parasitism, a mutant line of the AtSMU2 gene, designated as 
smu2-1 (Salk_039202), with a T-DNA insertion in exon 8 and confirmed null for AtSMU2 function 
(Chung et al., 2009) was obtained. The line was scored for phenotypic differences in root morphology. 
The average root length in the mutant was significantly shorter compared with wild-type Col-0 (Fig. 6a). 
The smu2-1 line deficient in SMU2 expression was subjected to infection by H. schachtii. The results 
indicated that the smu2-1 mutant plants were less susceptible to nematode infection and showed a 
significant decrease (c. 25%) in the number of J4 females compared with wild-type Col-0 (Fig. 6b). To 
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evaluate whether the decrease in susceptibility was a result of loss of function of SMU2 or a function of 
decreased root area available to the penetrating nematodes, the mutant line was subjected to a penetration 
assay. Data from three independent experiments revealed no significant difference in penetrating 
nematodes between the mutant and wild-type (Fig. 6c), indicating that decreased susceptibility of the 
smu2-1 mutant line to H. schachtii is not due to a decreased penetration rate as a result of shorter roots, 
but rather due to the loss of the SMU2 protein, which negatively impacts parasitism events after 
penetration.
Excess 30D08 is detrimental to nematode parasitism 
To better understand the biological significance of 30D08 and its potential effect on host cells during 
parasitism, 30D08ΔSP was expressed in Arabidopsis under the control of the host target AtSMU2 promoter 
(SMU2p-30D08). Four independent, homozygous lines with varying levels of 30D08 expression (three 
high expression lines: 11-5-5, 13-6-11, and 3-5-2,; one low expression line: 4-5-2) were chosen (Fig. 7a). 
All three high-expressing SMU2p-30D08 lines exhibited slightly longer roots in replicated experiments 
(Fig. 7b), although not significantly different from wild-type roots during the early stages of seedling 
growth. This phenotype is consistent with the expression of SMU2 during the early seedling stage in 
actively dividing cells specifically within root tips (Fig. 5f). The SMU2p-30D08 lines were tested in 
nematode infection assays with the assumption that a higher amount of effector protein provided may be 
beneficial to the infecting nematode and promote its parasitism. However, a significant reduction (c. 18–
25%) in the number of J4 nematodes was observed at 14 dpi, indicating that an excessive amount of the 
30D08 effector may instead be detrimental to feeding site formation (Fig. 7c).  
30D08 alters expression of plant genes 
RNA-seq analysis To identify potential gene expression changes regulated by the 30D08 effector, we 
conducted an RNA-seq experiment to compare wild-type Col-0 and the transgenic SMU2p-30D08 lines. 
The three high expression lines described above were chosen for the RNA-seq experiment to correct for 
any positional effects of the insertion on gene expression. Seven-day-old seedlings were used for the 
RNA-seq experiment. The expression of 30D08 was confirmed by qRT-PCR and showed a direct 
correlation with FPKM values generated using Cuffdiff (Fig. S5). A total of 173,963,722 reads were 
mapped and aligned against the Arabidopsis TAIR10 reference genome. The expression of a total of 
41,621 different Arabidopsis isomers corresponding to 41,671 gene models (TAIR 10) were detected in 
the analyzed tissue. Differentially expressed genes (DEGs) were ranked from 1 to 4 based on expression 
across the three transgenic lines. Rank 1 included genes that displayed higher expression levels (FPKM 
values) in all three lines compared with wild-type Col-0. Rank 2 included genes with lower FPKM values 
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in all three lines compared with wild-type Col-0. Rank 3 and 4 included genes with average FPKM values 
that were higher or lower than wild-type Col-0; however, the expression was not consistent across the 
three lines. Genes classified as Rank 3 and 4 were excluded from further analysis. Ranks 1 and 2 
comprised a total of 6,622 DEGs which included splice variants and isomers (Table S3). This list was 
further filtered by applying a 1.2 log2
Cluster analysis was performed on the 2,234 DEGs using a 1.2 log
-fold-change cutoff resulting in 2,234 DEGs, including 1,839 
upregulated and 395 downregulated genes (Table S3).  
2-fold cutoff (Fig. 8; Table S3). 
The genes were grouped into eight clusters based on their expression patterns in wild-type Col-0 and the 
three transgenic lines. Each of the eight clusters was characterized by a unique identifiable cluster 
combination corresponding to the expression pattern in the transgenic lines. Clusters 1, 2, 3, and 7 
represented upregulated genes, whereas clusters 4, 5, 6, and 8 represented downregulated genes (Fig. 8). 
Clusters 1 and 4 represented the highest percentage of DEGs, among which 35.5% were upregulated and 
8.7% were downregulated, respectively. The differential expression in this set of genes was maximal in 
the 13-6-11 line (a moderately expressing line) following a drop in the level of expression in the highest 
expressing line (3-5-2). The pattern of gene expression in Clusters 2 and 5 (30.3% upregulated and 5.1% 
downregulated) was proportional to the expression of 30D08 in the individual lines. In Clusters 3 and 6 
(15.6% upregulated and 2.5% downregulated), the pattern was similar to that in Clusters 2 and 5 except 
that the expression in 3-5-2, the line with the highest expression displayed either an increase or decrease 
of only up to 10% relative to 13-6-11. Clusters 1-3 and 4-6 included a total of 2,180 genes showing a 
pattern of expression that was positively correlated with the level of expression of 30D08 in the individual 
lines, suggesting that 30D08 influenced the expression of these genes. Clusters 7 and 8 had the lowest 
percentage of genes (1% upregulated and 1.4% downregulated) and a pattern of expression that was 
negatively correlated with the expression of 30D08 in the individual lines and were therefore excluded 
from further analysis in this study. We used quantitative RT-PCR to validate a subset of the RNA-seq 
data and to confirm the effect of 30D08 on plant gene expression. The expression profiles in the wild-type 
control and transgenic lines were consistent with the RNA-seq data (Table S4). These results verified that 
the differential gene expression was due to the effect of the 30D08 effector and not a positional effect of 
the insertion or an artifact of the bioinformatics analysis.  
Alternative splice variant analysis Considering SMU2 is an auxiliary spliceosome protein, we examined 
our dataset for any differences in alternative splicing. We identified differential expression of 44 
Arabidopsis genes known to be alternatively spliced. In each case, the splice isoforms were significantly 
differentially expressed in the same direction, either up- or downregulated, relative to wild-type Col-0 
(Table S5). However, we also did an exhaustive search for those genes where two or more isoforms 
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changed significantly, but in opposite directions. We applied a stringent requirement that the FPKMs for 
the three transgenic lines were all greater than or less than wild-type Col-0. From this analysis, we 
identified five genes for which expression of the 30D08 transgene caused a change in the gene isoform 
expressed (Table S6). These included MORPHEUS’ MOLECULE1 (MOM1; At1g08060), 
aminoalchoholphosphotransferase 1 (AAPT1; At1g13560), a putative serine esterase family protein 
(ZW18; At1g58350), a zinc finger family protein (SZF2/CZF1; At2g40140), and a 5’-3’ exonuclease 
family protein (OEX1; At3g52050). The expression changes of several of these genes were validated by 
qPCR or semi-quantitative RT-PCR (Fig. S6). 
Comparison with syncytia DEGs We compared the 2,180 DEGs showing a pattern of expression that 
was positively correlated with the level of expression of 30D08 in the transgenic lines to 7,224 DEGs that 
were shown to be regulated in developing syncytia at 5 or 15 d post-infection (dpi) in a previous study by 
Szakasits et al. (2009). A significant overlap of 36% (hypergeometric probability P [X ≥793] 3.5e-61) was 
found between DEGs in syncytia and DEGs in the transgenic lines, suggesting that the 30D08 effector 
may play a role in regulating some of these genes in feeding site formation (Fig. 9a; Table S3). Of the 
1,816 upregulated genes in the transgenic lines, 24.4% (444/1,816) were upregulated in the syncytium 
(Fig. 9b), and 20% (73/364) of the downregulated genes in the transgenic lines were downregulated in the 
syncytium (Fig. 9c).
MapMan analysis MapMan analysis was used to perform a functional enrichment analysis on the 2,180 
DEGs showing a pattern of expression that was positively correlated with the level of expression of 
30D08 in the transgenic lines (Fig. S7; Table S7). The largest functional class of genes found to be 
significantly enriched (251 genes; P ≤ 0.05) in the dataset were implicated in RNA processing involving 
pre-mRNA splicing, transcription, and RNA binding, which may reflect an altered activity of SMU2 by 
30D08.  In addition, a significant enrichment of genes in categories known to be important for feeding 
cell formation such as development (81 genes; P ≤ 0.05), hormone metabolism (59 genes; P ≤ 0.05), and 
secondary metabolism (50 genes; ; P ≤ 0.05) were found to be differentially expressed (Fig. 9d; Table 
S8).  
SMU2-dependent gene expression changes To determine whether some of the identified gene 
expression changes were SMU2-dependent, we examined the expression of a subset of DEGs with 
potential roles in syncytium formation and representing different functional categories in four 
backgrounds: wild-type Col-0, transgenic Col-0 expressing SMU2p-30D08 (11-5-8), the smu2-1 mutant, 
and a smu2-1 mutant line expressing SMU2p-30D08 (10-5-4). Lines 11-5-8 and 10-5-4 were chosen 
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because they exhibited similar levels of 30D08 expression (Fig. S8). Interestingly, many of the selected 
genes, which were initially found to be up- or downregulated in the 30D08 transgenic lines also exhibited 
altered expression in smu2-1 mutant seedlings relative to wild-type (Fig. 10), suggesting that the 
expression of these genes in Arabidopsis is in some way mediated by SMU2 in the absence of 30D08. In 
addition, these genes were not expressed to the same level in the smu2-1 mutant line expressing 30D08 
compared to transgenic Col-0 plants expressing 30D08, suggesting that the observed expression changes 
were in fact SMU2-dependent. Taken together, these data indicate that some of the gene expression 
changes detected in 30D08 transgenic lines are likely regulated by the interaction of SMU2 and 30D08.
Thus, the targeted interaction of 30D08 and AtSMU2 may be affecting AtSMU2-related gene expression. 
Discussion
In this study, we characterized the novel 30D08 effector protein, which is produced in the dorsal 
esophageal gland of parasitic juvenile life stages during syncytium formation. We show that the 30D08 
protein is packaged into secretory granules, providing strong evidence for its secretion from the nematode 
stylet into host cells. Plant-derived RNAi silencing of 30D08 significantly reduced nematode 
susceptibility, providing compelling evidence that the reduction or loss of 30D08 function reduces 
parasitic success. We show that 30D08 localizes to the plant nucleus, specifically within the nucleolus 
and nuclear speckles, and interacts with the nuclear-localized auxiliary spliceosome protein AtSMU2, 
which we show is expressed in the young, expanding syncytium confirming AtSMU2 as a bona fide host 
target. We show a reduction in nematode development on smu2 mutant roots that could not be explained 
by a reduction in the number of penetrating nematodes indicating that AtSMU2 has an important function 
in syncytium formation.  
In eukaryotes, SMU2 is a RED (named after a region rich in arginine (R)/glutamic acid (E) or 
arginine/aspartic acid (D) repeats) family protein recruited into the spliceosome complex along with many 
other proteins and small nuclear RNAs (Neubauer et al., 1998; Zhou et al., 2002). The spliceosome 
mediates the splicing of introns from pre-mRNAs and alternative splicing (AS), a process that regulates 
gene expression and ultimately increases proteome complexity (Han et al., 2011, Zhao et al., 2013). Some 
spliceosome proteins make up the catalytic component whereas others, such as SMU2, can function as 
auxiliary proteins that may direct splicing events of specific pre-mRNAs as demonstrated in C. elegans 
and plants (Spartz et al., 2004; Chung et al., 2009). In maize and Arabidopsis, smu2 mutants showed an 
altered pattern of pre-mRNA splicing of certain splicing regulators (SR) (Chung et al., 2009) and low 
penetrant developmental phenotypes including abnormal cotyledon number and irregular inflorescence 
architecture (Chung et al., 2009). We report here that the smu2 mutant also has slightly shorter roots than 
wild-type plants. However, it remains to be determined what pre-mRNA targets are responsible for such 
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phenotypic changes. A microarray study of Zmsmu2 mutant endosperm showed altered expression of 
genes controlling development, as well as plant hormone metabolism and signaling (Chung et al., 2009). 
In humans, nematodes, and plants, SMU2 has been shown to localize to the nucleus consistent with a role 
in pre-mRNA splicing. In addition, SMU2 binds to SMU1 (suppressor of mec-8 and unc-52 1) (Ulrich et 
al., 2016; Spartz et al., 2004; Chung et al., 2009), and the two proteins have been reported to work in a 
complex with other proteins to regulate pre-mRNA splicing as well as other cellular processes such as 
mitotic kinase and phosphatase regulation (Lee et al., 2014). Interestingly, this complex was recently 
shown to interact with a viral RNA polymerase during infection to regulate splicing of viral mRNAs 
essential for replication (Fournier et al., 2014). A recent structural study demonstrated that the SMU1-
SMU2 complex shares similarity to transcriptional co-repressor complexes (Ulrich et al., 2016). Protein-
protein interaction studies also suggest that SMU2 may work as part of a complex to not only regulate 
pre-mRNA splicing, but also other aspects of mRNA metabolism such as transcription initiation and 
chromatin modification. ZmSMU2-interacting proteins included transcription factors and histone 
acetyltransferase, potentially linking pre-mRNA splicing with these two processes (Chung et al., 2009).  
Expression of 30D08 under the control of the host target SMU2 promoter allowed us to begin to 
dissect the potential function of 30D08 by assessing its effect on plant cells. Transgenic plants exhibited a 
subtle enhancement of root growth during the early seedling stage, consistent with the expression of 
SMU2 in actively dividing root meristematic cells of young seedlings. These results suggested that 30D08 
may affect SMU2 activity via promotion, rather than inhibition. Inhibition of SMU2 activity by 30D08 
would have likely resulted in a shorter root length, as was observed in the smu2-1 mutants. Thus, SMU2 is 
likely a susceptibility gene. We also observed a significant reduction in nematode development on 
transgenic lines suggesting that 30D08 may be required at very low concentrations during parasitism. 
Rather than promoting infection, the addition of more 30D08 into the feeding site by expressing it under 
the control of the SMU2 promoter may have created an imbalance in 30D08 levels leading to changes in 
gene regulation that negatively impacted feeding site formation. If 30D08 is interacting with spliceosomal 
components, a low concentration of effector may be sufficient to titrate the metabolic changes of the host 
cell.  
We also identified a total of 2,180 DEGs in response to 30D08 expression under the control of the 
SMU2 promoter in transgenic plants. Interestingly, a function enrichment analysis revealed a significant 
bias towards genes involved in RNA processing, transcription, and binding. DEGs involved in pre-mRNA 
splicing and RNA binding were all upregulated. These included the pre-mRNA splicing regulators 
SRp41, CRS1, PRP19, and RDM16, as well as several small nuclear ribonucleoprotein family proteins 
(snRNPs), glycine-rich RNA-binding proteins, and RNA recognition motif (RRM)-containing proteins, 
suggesting that 30D08 expression is influencing host cell RNA processing machinery. We observed 
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significant similarities among several cellular processes differentially regulated in 30D08 transgenic lines 
and cyst nematode-induced syncytia (Szakasits et al., 2009), including cell cycle, hormone metabolism, 
and cell wall modification. In addition, we identified a significant enrichment in the differential regulation 
of genes encoding several members of transcription factor families in Arabidopsis, including those known 
to participate in feeding site formation (Szakasits et al., 2009; Jin et al., 2011; Guo et al., 2017; Piya et 
al., 2017). Several biotic stress genes involved in JA, SA, and glucosinolate biosynthesis were also 
upregulated in the 30D08 transgenic lines. An altered regulation of these defense hormones in the 
transgenic lines may provide an explanation for the observed increase in resistance to H. schachtii.  
In summary, we report the first evidence of a nematode effector that may alter gene expression of 
host cells through its interaction with a host auxiliary spliceosomal protein thus playing a role as a master 
switch to establish nematode induced transcriptome changes in planta. The identification of effector 
proteins essential for nematode parasitism and a better understanding of underlying interactions between 
nematode effector proteins and host cell proteins may open the way for novel anti-nematode strategies. 
Based on this study, the disruption of the interaction between 30D08 and SMU2 may inhibit the 
regulation of key genes for the development of feeding sites. Although the function of SMU2 is not fully 
elucidated, 30D08 may target SMU2 to affect its function in splicing of certain pre-mRNAs and/or 
alternative splicing of specific splicing regulators, in regulation of transcription initiation, and/or 
chromatin modification, ultimately leading to changes in gene expression that favor syncytium formation. 
For example, some splicing factors, such as RDM16 (At1g28060), were found to be highly upregulated in 
the SMU2p-30D08 lines and have also been reported to play a role in the RNA-directed DNA methylation 
pathway (Sharma et al., 2017). In addition, we identified five genes for which expression of the 30D08 
transgene under the control of the host target SMU2 promoter caused a change in the gene isoform 
expressed relative to wild-type plants. Interestingly, one of these, MORPHEUS’ MOLECULE1 is a key 
regulator of transcriptional gene silencing (Amedeo et al., 2000; Wierzbicki, 2010). Clearly, alternative 
splicing mechanisms play complex roles in the regulation of gene expression during plant biotic and 
abiotic stress responses (Yang & Zhu, 2014; Howard et al., 2013; Xiao & Nassuth, 2006; Kong et al., 
2003 ), some of which may be a driving factor underlying feeding cell formation influenced by nematode 
effectors such as 30D08. Further examination of the genes found to be regulated by the 30D08 effector, as 
well as its potential effects on specific alternative splicing events discovered here will provide additional 
insight into the mechanisms underlying alterations of host cells in response to individual effectors. It will 
also be interesting to test whether 30D08 targets other host proteins, including spliceosome proteins, 
assess whether this effector protein may be altering the function of SMU1-SMU2 interaction complexes, 
as well as to explore the mechanistic basis for SMU2 upregulation in feeding sites. 
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Fig. 1 The cyst nematode effector protein 30D08. (a) Sequence comparison of 30D08 orthologs from 
Heterodera glycines and H. schachtii. 30D08, a novel 146-amino acid protein contains a putative 18-
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amino acid secretion signal (bold) and two bipartite nuclear localization sequences (underlined italics). (b, 
c) In situ hybridization of a digoxigenin-labeled 30D08 DNA probe to transcripts exclusively expressed in
the dorsal esophageal gland cell (DG) of a second-stage parasitic juvenile (pJ2) and third-stage parasitic 
juvenile (pJ3). (d) Immunolocalization of 30D08 in a parasitic second-stage juvenile nematode (pJ2) and 
(e) third-stage parasitic juvenile (pJ3). The arrows point to the nucleus (N) of the dorsal gland from which 
the 30D08 effector protein is excluded. (f) The temporal expression pattern of the H. glycines 30D08 gene 
throughout nematode development by a prior microarray analysis  (Elling et al., 2009). (g, h) Electron 
microscope immunogold labeling of 30D08 in secretory granules (SG) of the dorsal gland of a parasitic 
juvenile. Pre-immune (g); anti-30D08 antibody (h).  
Fig. 2 The bipartite nuclear localization signal (NLS) of the Heterodera schachtii 30D08 effector protein 
mediates nuclear uptake in plant cells. (a) Hs30D08ΔSP-GFP was transiently expressed in onion epidermal 
cells by particle bombardment and observed with a confocal laser-scanning microscope; top, brightfield 
image; bottom, fluorescence image. N, nucleus. (b) Schematic representation of constructs used for site-
directed mutagenesis of the putative Hs30D08ΔSP bipartite NLS. Mutagenesis was carried out in two 
different regions representing amino acid positions 66–70 and 116–120 in the 30D08 effector protein 
individually and together. Lysines were replaced with alanine as shown. Nicotiana benthamiana leaves 
were infiltrated with Agrobacterium tumefaciens cultures containing Hs30D08ΔSP (c), 66–70 only (d), 
116–120 only (e), and 66–70 and 116–120 (f).  
Fig. 3 Host-induced RNA interference of Heterodera schachtii 30D08. (a) Comparison of the relative 
expression level of the Hs30D08 transcript by quantitative PCR using OCS primers in four, independent, 
homozygous lines and calibrated to the lowest expressing line. (b) Effect of plant-derived RNAi of 
Hs30D08 on infection of Arabidopsis roots by H. schachtii. A significant reduction in infection to 
H.schachtii observed on RNAi lines compared to the control line is shown. Data are presented as means ± 
SE (n = 36).  Mean values significantly different from wild-type were determined by unpaired Student’s t-
tests (*, P < 0.05). Three independent experiments were conducted for each line. (c) Hs30D08 expression 
in feeding nematodes recovered from the RNAi lines was quantified by quantitative PCR relative to 
feeding nematodes recovered with control lines.  
Fig. 4 Heterodera schachtii 30D08 interacts with the AtSMU2. (a) Interaction between Hs30D08 (bait) 
and AtSMU2 (prey) in yeast. Yeast cells carrying the Hs30D08 bait and the AtSMU2 prey clones J3-86 
or J3-138 grew on selective triple dropout medium (SD/-leu-trp-his) and quadruple dropout medium 
(SD/-leu-trp-his-ade). Yeast cells containing the Hs30D08ΔSP bait and Sv40 prey failed to grow on 
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selective medium or activate the MEL1 reporter gene. Yeast cells transformed with bait and prey vectors 
containing interacting proteins p53 and Sv40 grew on selective medium and activated the MEL1 reporter 
gene. (b) Western blot analysis of MBP-SMU2 pull-down assay blotted with anti-MBP and anti-30D08 
antibodies. Immobilized MBP, or MBP-SMU2 was incubated with purified 6xHis-Hs30D08. The 
experiment was repeated in triplicate. Asterisks mark the expected sizes of the MBP-SMU2 and MBP 
proteins. (c) Subcellular localization of AtSMU2-GFP fusion protein in the nucleus of Nicotiana 
benthamiana mesophyll cells. (d) BiFC visualization of the Hs30D08-AtSMU2 interaction in planta. Co-
infiltration of pSPYCE-35S-AtSMU2 and  pSPYNE-35S-Hs30D08∆SP showed YFP fluorescence in the 
cytoplasm and nucleus of N. benthamiana mesophyll cells confirming interaction in planta. The 
fluorescent and merged bright field images are depicted in the left and right panels, respectively (c, d). 
Fig. 5 Upregulation of SMU2 in response to Heterodera schachtii infection. Histochemical localization of 
GUS activity driven by the SMU2 promoter in transgenic Arabidopsis seedlings and in response to H. 
schachtii infection. (a) Two-day-old seedling, (b) 4-d-old seedling, (c) 6-d-old seedling, (d) Aerial rosette 
of 14-d-old seedling, (e) lateral root primordia, and (f) root tip of 14-d-old plant. (g) SMU2-GUS 
expression in a developing syncytium at 4 d-post-inoculation with H. schachtii. N, nematode; S, 
syncytium.
Fig. 6 SMU2 regulates root growth and nematode susceptibility in Arabidopsis. (a) smu2-1 mutants have 
shorter roots. Data are presented as means ± SE (n = 15).  Mean values significantly different from wild-
type were determined by unpaired Student’s t-tests (***, P < 0.0004). Similar results were obtained from 
three independent experiments. One representative experiment is shown. (b) smu2-1 mutants have 
reduced susceptibility to Heterodera schachtii infection compared to wild-type as determined by an 
unpaired Student’s t-test (*, P < 0.05). Data are presented as means ± SE (n = 36). Similar results were 
obtained from three independent experiments. One representative experiment is shown. (c) No significant 
difference in nematode penetration was observed between wild-type Col-0 and the smu2-1 mutant line as 
determined by an unpaired Student’s t-test (*, P < 0.05). Data are presented as means ± SE (n = 16). 
Similar results were obtained from three independent experiments. One representative experiment is 
shown. 
Fig. 7 Expression of 30D08 under the control of the SMU2 promoter reduces Arabidopsis susceptibility to 
Heterodera schachtii. (a) Independent, homozygous lines expressing 30D08 were confirmed by qRT-
PCR. 30D08 expression was normalized to GAPDH and calibrated to the lowest expressing line. (b) 
SMU2p-30D08 lines exhibited a reproducible, but not significant increase in root length. Data are 
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presented as means ± SE (n = 24). Mean values were not significantly different from wild-type as 
determined by unpaired Student’s t-tests (P < 0.05). (c) A significant reduction in infection to H.schachtii 
was observed on SMU2p-30D08 lines. Data are presented as means ± SE (n = 36).  Mean values 
significantly different from wild-type were determined by unpaired Student’s t-tests (*, P < 0.05). Similar 
results were obtained from three independent experiments. One representative experiment is shown. 
Fig. 8 Cluster analysis of differentially expressed genes between SMU2p-30D08 transgenic lines and 
wild-type Col-0 seedlings. Genes were classified into eight clusters based on the significance of their 
expression changes. The patterns represent upregulated (clusters 1, 2, 3, and 7) and downregulated genes 
(clusters 4, 5, 6, and 8) in 7-d-old seedlings of SMU2p-30D08 lines compared to wild-type plants. For 
visualization purposes, each gene’s estimated mean log-scale expression profile was standardized to have 
mean 0 and variance 1 before plotting. 
Fig. 9 Comparison of gene expression in SMU2p-30D08 transgenic lines and syncytia. (a) Venn diagram 
showing overlap between 7,224 genes differentially expressed in Arabidopsis syncytia (Szakasits et al., 
2009) and the 2,180 differentially expressed genes in SMU2p-30D08 lines. DAG, days after germination 
(b) Venn diagram showing overlap between 3,890 genes upregulated in syncytia and the 1,816 genes 
upregulated in SMU2p-30D08 lines. (c) Venn diagram showing overlap between 3,334 genes 
downregulated in syncytia and the 364 genes downregulated in SMU2p-30D08 lines. (d) Mapman 
visualization of the cellular response genes involved in transcriptional regulation, RNA processing, 
hormone pathways, development, and genes important for secondary metabolite biosynthesis. The 
visualization shows the observed differential expression patterns, based on log2 fold changes in 
transcripts (P<0.05 and at least 1.2-fold difference) between SMU2p-30D08 lines and wild-type Col-0 
seedlings. Red boxes represent upregulated genes and the blue boxes represent downregulated genes. 
IAA, indole-3-acetic acid; ABA, abscisic acid; BA, 6-benzyladenine; SA, salicylic acid; GA, gibberellic 
acid.  
Fig. 10 Expression analysis of selected differentially regulated genes between SMU2p-30D08 transgenic 
lines, wild-type Col-0, smu2-1 mutant, and smu2-1/SMU2p-30D08 lines. Relative expression was 
calculated using the 2–ΔΔCt method with GAPDH as the reference gene.Genes chosen for analysis were as 
follows: (a) allene oxide synthase (AOS), At5242650; (b) jasmonic acid carboxyl methyltransferase 
(JMT), AT1G19640; (c) jasmonate Zim-domain protein 7 (JAZ7), AT2G34600; (d) expansin-Like B1 
(EXPLB1), AT4G17030; (e) xyloglucan endotransglucosylase (XTH9), AT4G03210; (f) expansin A16 
(EXPA16), AT3G55500; (g) Myb domain protein 305 (MYB305), AT3G24310; (h) ethylene response 
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factor 022 (ERF22), AT1G33760; (i) nodulin MtN3 Family Protein (SWEET13), AT5G5080; (j) ferritin 1 
(FER1), AT5G01600; (k) Fe-superoxide dismutase (FSD), AT4G25100; (l) cold-regulated 15A 
(COR15A),  AT2G42540. All treatments were performed in triplicate, and data are presented as the mean 
fold-change ± SE. Mean values significantly different from wild-type (black*) or smu2-1 mutant (red*) as 
determined by unpaired Student’s t-tests (P < 0.05).  
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